Toth P, Csiszar A, Tucsek Z, Sosnowska D, Gautam T, Koller A, Schwartzman ML, Sonntag WE, Ungvari Z. Role of 20-HETE, TRPC channels, and BK Ca in dysregulation of pressure-induced Ca 2ϩ signaling and myogenic constriction of cerebral arteries in aged hypertensive mice. Am J Physiol Heart Circ Physiol 305: H1698 -H1708, 2013. First published October 4, 2013; doi:10.1152/ajpheart.00377.2013.-Hypertension in the elderly substantially increases the risk of stroke and vascular cognitive impairment in part due to an impaired functional adaptation of aged cerebral arteries to high blood pressure. To elucidate the mechanisms underlying impaired autoregulatory protection in aging, hypertension was induced in young (3 mo) and aged (24 mo) C57BL/6 mice by chronic infusion of angiotensin II and pressureinduced changes in smooth muscle cell (SMC) intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) and myogenic constriction of middle cerebral arteries (MCA) were assessed. In MCAs from young hypertensive mice, pressure-induced increases in vascular SMC [Ca 2ϩ ]i and myogenic tone were increased, and these adaptive responses were inhibited by the cytochrome P-450 -hydroxylase inhibitor HET0016 and the transient receptor potential (TRP) channel blocker SKF96365. Administration of 20-hydroxyeicosatetraenoic acid (HETE) increased SMC [Ca 2ϩ ]i and constricted MCAs, and these responses were inhibited by SKF96365. MCAs from aged hypertensive mice did not show adaptive increases in pressure-induced calcium signal and myogenic tone and responses to HET0016 and SKF96365 were blunted. Inhibition of large-conductance Ca 2ϩ -activated K ϩ (BK) channels by iberiotoxin enhanced SMC [Ca 2ϩ ]i and myogenic constriction in MCAs of young normotensive animals, whereas it was without effect in MCAs of young hypertensive mice. Iberiotoxin did not restore myogenic adaptation in MCAs of aged hypertensive mice. Thus functional maladaptation of aged cerebral arteries to hypertension is due to the dysregulation of pressure-induced 20-HETE and TRP channel-mediated SMC calcium signaling, whereas overactivation of BK channels is unlikely to play a role in this phenomenon.
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cerebral blood flow; 20-hydroxyeicosatetraenoic acid; autoregulation; canonical transient receptor potential; potassium channels; largeconductance Ca 2ϩ -activated K ϩ channels THERE IS GROWING EVIDENCE that hypertension, which affects ϳ50 million Americans, exerts deleterious effects on the cerebral circulation and thereby causes accelerated brain aging (45) . The elderly (Ն65 years of age), representing the fastestgrowing segment of the US population, have the highest prevalence of hypertension, and these individuals are more likely to develop cerebrovascular pathologies (5) . Epidemiological studies provide evidence that in addition to the increased prevalence of hypertension in aging, the deleterious cerebrovascular effects of hypertension are also exacerbated in elderly patients, whereas younger subjects appear to be more protected from cerebromicrovascular and neurological damage induced by elevated blood pressure (10, 38, 54) . There is strong evidence showing that in older patients hypertensioninduced microvascular injury not only promotes the development of vascular cognitive impairment (24, 29, 45) but it also significantly increases the risk (risk ratio ϭ ϳ1.5) for sporadic Alzheimer's disease (25, 31) , supporting the vascular hypothesis of the disease (11) (12) (13) . Although the available human data suggest that advanced age and hypertension have synergistic effects (45) , the specific age-related mechanisms through which aging increases the vulnerability of the cerebromicrovasculature to hypertension are not well documented in the literature. Previous studies provide evidence that in young animals cerebral arteries exhibit functional and structural adaptation to hypertension, which protect the injury-prone distal portion of the cerebral microcirculation from pressure overload (53, 58, 60) . Among these physiological adaptive responses the increased pressure-induced myogenic constriction of cerebral arteries is of great significance (27, 36, 51) . In healthy individuals the cerebral circulation has significantly lower resistance than the vasculature of other tissues (e.g., skeletal muscle), which results in a substantially increased flow rate during diastole. As a result, flow and pressure pulsations can penetrate easier the distal, fragile portion of the cerebral arterial tree, especially if autoregulatory protection is impaired. Previous studies demonstrated that in young hypertensive animals increased pressure-induced myogenic constriction leads to an increased resistance at the level of the larger pial arteries (60) , keeping pressure in the thin-walled, injury-prone arterioles and capillaries in the normal range. As this adaptive vascular response manifests, the range of cerebral blood flow autoreg-ulation is extended to higher pressure values both in hypertensive patients and laboratory animals with experimentally induced hypertension (37, 53, 58, 60) .
Clinical studies suggest that aging impairs autoregulatory protection to high blood pressure in the human brain (14) . Our recent studies provide evidence that aged mice also exhibit pathological loss of cerebral autoregulatory protection, which contribute to an exacerbation of hypertension-induced cerebromicrovascular injury. Downstream consequences of cerebrovascular autoregulatory dysfunction in aged hypertensive mice include exacerbated disruption of the blood-brain barrier and neuroinflammation (microglia activation likely induced by leakage of plasma-derived factors through the damaged blood-brain barrier) (60, 69) . There is increasing evidence that blood-brain barrier disruption and consequential neuroinflammation plays a causal role in neurocognitive decline associated with hypertension (24, 29, 60) . Despite these advances, the cellular mechanisms underlying impaired functional adaptation of aged cerebral arteries to hypertension remain elusive.
The signaling mechanisms underlying the myogenic constriction of cerebral arteries include pressure-induced increases in smooth muscle cells (SMC) [Ca 2ϩ ] i (8) . Recent studies demonstrate that pressure-induced production of 20-HETE in SMCs and activation of transient receptor potential (TRP) channels play a key role in regulation of SMC [Ca 2ϩ ] i and development of myogenic constriction of cerebral arteries (21, 26) . Previous studies demonstrate that in young hypertensive rats (15) pressure-induced 20-HETE production in cerebral arteries is significantly increased. Furthermore, the available evidence suggests that in young animals several TRP channels are upregulated in hypertension (19, 41, 42 ). Yet, age-related alterations in pressure-induced, 20-HETE-, and TRP channeldependent regulation of SMC [Ca 2ϩ ] i have not been investigated.
Activation of large-conductance Ca 2ϩ -activated K ϩ (BK Ca ) channels represent another important mechanism modulating the magnitude of pressure-induced myogenic constriction (52) . Previous studies demonstrate that BK Ca channels act as negative feedback regulators of the myogenic response of cerebral arteries: Ca 2ϩ -dependent activation of these channels attenuates membrane depolarization-induced influx of extracellular Ca 2ϩ through L-type Ca 2ϩ channels, decreasing myogenic constriction (9, 35) . Importantly, recent studies show that BK Ca in SMCs in the arterial wall is predominantly activated by high pressure (52) . Accordingly, in cerebral arteries isolated from young animals inhibition of BK Ca channels was shown to increase myogenic constriction predominantly in the high pressure range, extending range of effective myogenic autoregulation (52) . There are also studies suggesting that 20-HETE can inhibit BK Ca channels in SMCs and that inhibition of BK Ca channels may contribute to 20-HETE-mediated increases in arterial constriction (70) . Yet, the role of BK Ca channels in functional maladaptation of aged cerebral arteries to high pressure has not been elucidated.
The present study was designed to test the hypothesis that hypertension in aging is associated with impaired myogenic constriction of cerebral arteries due to dysregulation of pressure-induced, 20-HETE-, and TRP channel-dependent changes in SMC [Ca 2ϩ ] i . To test our hypothesis, we induced hypertension in young and aged C57BL/6 mice by chronic infusion of angiotensin II. In isolated middle cerebral arteries (MCAs), parallel changes in pressure-induced SMC [Ca 2ϩ ] i and myogenic constriction in response to inhibition of 20-HETE synthesis, TRP channels, and BK Ca activation were assessed.
METHODS
Animals. Young (3 mo; n ϭ 40) and aged (24 mo; n ϭ 40) male C57BL/6 mice were purchased from the National Institute on Aging. All mice were maintained under specific pathogen-free barrier conditions. Water and normal laboratory diet were available ad libitum. All procedures were approved by the Institutional Animal Use and Care Committees of the participating institutions.
Infusion of angiotensin II. Alzet osmotic mini-pumps (Model 2006; 0.15 l/h, 42 days; Durect, Cupertino, CA) were implanted into young and aged mice. Pumps were filled either with saline vehicle or solutions of ANG II (Sigma Chemical, St. Louis, MO) that delivered (subcutaneously) 1,000 ng·min Ϫ1 ·kg Ϫ1 of ANG II for 28 days (60, 65) . Pumps were placed into the subcutaneous space of ketaminexylazine anesthetized mice through a small incision in the back of the neck that was closed with surgical sutures. All incision sites healed rapidly without the need for any medication.
Blood pressure measurements. Systolic blood pressure of mice was measured by the tail cuff method (CODA Non-Invasive Blood Pressure System; Kent Scientific, Torrington, CT) before and 4 wk after the minipump implantation.
Simultaneous measurement of diameter and smooth muscle [Ca 2ϩ ]i in pressurized isolated middle cerebral arteries. On day 28 postimplantation mice were decapitated, the brains were removed, and segments of the MCAs were isolated using microsurgery instruments for functional studies, as reported (59, 64) . Segments of MCAs were mounted onto two glass micropipettes in an organ chamber in oxygenated (21% O 2-5% CO2-75% N2) Krebs= buffer (pH ϭ 7.4) and pressurized to 60 mmHg. The hydrodynamic resistance of the micropipettes was matched. Inflow and outflow pressures were controlled and measured by a pressure servo-control system (Living Systems Instrumentation, Burlington, VE). Inner vascular diameter was measured with a custom-built videomicroscope system and continuously recorded using a computerized data acquisition system (62) . To assess changes in [Ca 2ϩ ]i, the arterial smooth muscle was loaded with fura 2 [1 M fura 2-acetoxymethyl ester; loading time: 15 min, at room temperature]. After the chamber was loaded it was washed out five times, and the vessels were allowed to equilibrate at 60 mmHg for another 30 min for complete de-esterification of fura-2 AM (46) . Changes in Ca 2ϩ fluorescence ratio (R340:380) were measured by the ratiometric fluorescence method (23, 63) using the Ionoptix Microfluorimeter System (Ionoptix, Milton, MA).
After the equilibration period, changes in SMC [Ca 2ϩ ]i and vasoconstrictor responses to depolarizing concentrations (60 mmol/l) of KCl were obtained, followed by washout. Changes in SMC [Ca 2ϩ ]i and myogenic constriction were then assessed in response to stepwise increases in intraluminal pressure (from 20 to 80 and 160 mmHg, each step for 5 min). To assess the role of 20-HETE in age-and hypertension-induced changes in the myogenic response and SMC [Ca 2ϩ ]i, MCAs were incubated with the cytochrome P-450 -hydroxylase inhibitor HET0016 (10 Ϫ6 mol/l, for 30 min, purchased from Cayman Chemical, Ann Arbor, MI). Vascular responses to stepwise increases in intraluminal pressure were then re-assessed. HET0016 was previously reported to selectively inhibit the formation of 20-HETE by inhibiting CYP4A and CYP4F isoforms in renal microsomes isolated from spontaneously hypertensive rats (IC 50: 35.2 nM) and in human kidney (IC50: 8.9 nM) (48) .
To assess the role of canonical TRP (TRPC) channels in aging-and hypertension-induced changes in myogenic constriction, in additional experiments pressure-induced vasomotor and calcium responses were obtained before and after incubation of MCAs with SKF96365 (5 ϫ 10 Ϫ6 mol/l, for 15 min), a potent and specific blocker of TRPC channels. To further substantiate the role of 20-HETE in regulation of SMC [Ca 2ϩ ]I, vascular responses to exogenous administration of 20-HETE (from 10 Ϫ8 to 3 ϫ 10 Ϫ6 mol/l) were also assessed in the absence and presence of SKF96365.
To determine the role of large-conductance Ca 2ϩ -activated K (Table 1 ) using a Strategen MX3000 platform, as previously reported (7). In brief, total RNA was isolated with a Mini RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse transcribed using Superscript III RT (Invitrogen) as described previously (7). Amplification efficiencies were determined using a dilution series of a standard vascular sample. Quantification was performed using the efficiency-corrected ⌬⌬Cq method. The relative quantities of the reference genes Hprt, Ywhaz, B2m, and Actb were determined, and a normalization factor was calculated based on the geometric mean for internal normalization. Fidelity of the PCR reaction was determined by melting temperature analysis and visualization of the product on a 2% agarose gel.
Statistical analysis. Data were analyzed by two-way ANOVA or one-way ANOVA followed by Tukey's post hoc tests, as appropriate. The relationship between changes in SMC [Ca 2ϩ ]i and arterial constriction was analyzed using Pearson's correlation analysis. A P value less than 0.05 was considered statistically significant. Data are expressed as means Ϯ SE. Myogenic tone is calculated as follows: ) and D A is active diameter of the vessels at a given intraluminal pressure value.
RESULTS
Role of SMC calcium signaling in functional maladaptation of aged cerebral arteries to hypertension. Blood pressure was significantly increased in both young and aged mice receiving ANG II infusion (in mmHg; young control: 100 Ϯ 4, young ϩ ANG II: 150 Ϯ 3, Aged: 97 Ϯ 4, Aged ϩ ANG II: 154 Ϯ 3). Figure 1A shows myogenic tone developed in isolated MCAs at intraluminal pressures of 20 -180 mmHg. In MCAs of young control mice, increases in intravascular pressure increased myogenic constriction up to 60 mmHg, and myogenic tone was maintained at almost the same level at up to ϳ120 mmHg. Myogenic tone then tended to decrease at higher pressures, and MCAs dilated gradually (Fig. 1A) . In MCAs from young hypertensive mice, pressure-induced constriction was significantly enhanced and the myogenic tone was maintained at almost the same level up to ϳ160 mmHg. MCAs of aged mice developed a slightly decreased myogenic constriction and did not exhibit a similar hypertension-induced adaptive increase in myogenic tone, which was observed in young mice (Fig. 1A) . The pressure-passive diameter curves were similar in MCAs from each group (not shown).
In isolated MCAs depolarizing concentrations of KCl elicited rapid increases in SMC [Ca 2ϩ ] i , which were readily reversible upon washout (Fig. 1B) . Exposure of young MCAs to stepwise increases in intraluminal pressure (from 20 mmHg to 80 and then to 160 mmHg) resulted in significant increases in SMC [Ca 2ϩ ] i (Fig. 1, B and C) . In MCAs of aged mice pressure-induced increases in SMC [Ca 2ϩ ] i did not differ significantly from the pressure-induced calcium signal observed in young MCAs (Fig.  1C) . In MCAs from young hypertensive mice pressure-induced increases in SMC [Ca 2ϩ ] i were significantly enhanced (Fig. 1C) . In contrast, aged MCAs did not exhibit a similar hypertensioninduced adaptive increase in pressure-induced calcium signal, which was observed in MCAs of young hypertensive mice (Fig.  1C) . The magnitude of pressure-induced SMC calcium signal and the magnitude of pressure-induced myogenic tone observed in MCAs from the different experimental groups showed a significant positive correlation (Fig. 1D) .
Role of decreased 20-HETE production in dysregulation of pressure-induced SMC calcium signaling and myogenic constriction in MCAs of aged hypertensive mice. To assess the role of 20-HETE in pressure-induced SMC calcium signaling and functional adaptation of cerebral arteries to hypertension, we tested the effect of HET0016 on SMC [Ca 2ϩ ] i and myogenic constriction at pathophysiologically relevant pressures (160 mmHg; Fig. 2 ). We found that in MCAs of young hypertensive mice increased pressure-induced calcium signal ( Fig. 2A ) and myogenic tone (Fig. 2B) were significantly inhibited by HET0016, eliminating the difference between the four groups, ] i and myogenic tone in MCAs of aged hypertensive mice. In MCAs of young hypertensive mice the magnitude of HET0016-induced decreases in pressure-induced calcium signal and myogenic tone were proportional (Fig. 2B) ] i , which were accompanied by proportional increases in arterial tone (Fig. 3A) . These findings support the view that 20-HETE promotes constriction of cerebral arteries predominantly by increasing SMC [Ca 2ϩ ] i, . 20-HETE elicited comparable increases in arterial tone (Fig. 3B ) and SMC [Ca 2ϩ ] i (Fig. 3C) in MCAs isolated from young and aged animals, showing that 20-HETEinduced intracellular signaling pathways are not affected by aging.
Role of impaired TRP channel activity in dysregulation of pressure-induced SMC calcium signaling and myogenic constriction in MCAs of aged hypertensive mice. Because previously we found that in mouse aortas and cerebral arteries the vasoconstrictor effect of 20-HETE is significantly inhibited by the TRP channel inhibitor SKF96365, in the present study we also assessed the role of TRP channels in 20-HETE-dependent functional adaptation of cerebral arteries to hypertension using SKF96365. We found that in control MCAs 20-HETE-induced dose-dependent increases in SMC [Ca 2ϩ ] i were significantly attenuated by SKF96365 (Fig. 4A) . In MCAs of young hypertensive mice increased pressure-induced calcium signal (Fig.  4B ) and myogenic tone (Fig. 4C) were significantly attenuated by SKF96365. In contrast, in MCAs of aged hypertensive mice SKF96365 elicited only a slight decrease in pressure-induced calcium signal (Fig. 4B ) and myogenic tone (Fig. 4C) . Analysis of the SMC [Ca 2ϩ ] i -myogenic tone relation showed that in MCAs of young hypertensive mice inhibition of both TRP channel activation (Fig. 4C ) and 20-HETE production ( ] i through activation of TRP channels. Hypertension in young mice was associated with upregulated cerebrovascular expression of TRPC6 and TRPC1 channels (Fig. 4D) and also tended to increase the expression of TRPM4, although this response did not reach statistical significance (P ϭ 0.077). The aforementioned adaptive responses were significantly impaired or absent in MCAs of aged hypertensive mice (Fig. 4D) . Role of BK Ca channels in regulation of pressure-induced SMC calcium signaling and myogenic constriction in MCAs. Regulation of large-conductance Ca 2ϩ -activated K ϩ (BK Ca ) channel activity represents an important mechanism modulating the magnitude of pressure-induced myogenic constriction (32, 52) . To assess the role of BK Ca channels in functional maladaptation of cerebral arteries to hypertension in aging, we tested the effect of iberiotoxin on myogenic constriction (Fig. 5, A-C) . We found that in MCAs of young normotensive mice, myogenic tone (Fig. 5D ) and pressure-induced SMC calcium signals (Fig. 5E) were significantly increased by iberiotoxin, especially in the pathophysiologically relevant high pressure range. In MCAs of young hypertensive mice, myogenic tone (Fig. 5D ) and pressure-induced SMC calcium signals (Fig. 5E) were unaffected by iberiotoxin, suggesting that inactivation of BK Ca channels contribute to functional adaptation of MCAs to hypertension. Although in MCAs of aged normotensive mice iberiotoxin increased slightly, the myogenic constriction (Fig.  5, A and D) tended to increase pressure-induced SMC calcium signals (Fig. 5E ), and these effects were largely absent in MCAs of aged hypertensive mice (Fig. 5, D and E) . Importantly, inhibition of BK Ca channels did not eliminate the differences in myogenic constriction (Fig. 5, C and D) and pressure-induced increases in SMC [Ca 2ϩ ] i (Fig. 5E) between the four groups. Co-administration of 4-AP (to inhibit voltagedependent K ϩ channels) did not augment myogenic constriction in MCAs of aged hypertensive mice, and the difference between the myogenic tone in iberiotoxin and 4-AP-treated MCAs of young and aged hypertensive mice was still discernible (Fig. 5, C and D) .
DISCUSSION
The results of this study suggest that functional maladaptation of aged cerebral arteries to hypertension is due to the dysregulation of pressure-induced, 20-HETE, and TRP channelmediated SMC calcium signaling.
Since the pioneering work of Kontos et al. (36) and Faraci and Heistad (18) , it has been established that in the cerebral circulation larger pial arteries have a significant role in regulation of cerebrovascular resistance, thus myogenic constriction of proximal branches of the cerebrovascular tree, including the MCA, is uniquely important for protection of the cerebral microcirculation. There is strong evidence that pressure-induced myogenic constriction of the cerebral arteries in healthy young animals (Fig. 1A) acts as a critical homeostatic mechanism that assures that increased systemic arterial pressure cannot penetrate the distal portion of the cerebral microcirculation and cause damage to the thin-walled arteriolar and capillary microvessels (27, 36) . In normotensive animals the autoregulatory pressure range tended to be wider in MCAs of young mice than in aged arteries (Fig. 1A) . Studies showing that myogenic constriction of isolated rat skeletal muscle arteries (32) decreases with age and that the dynamic component of the myogenic response decreases in the brachial artery of elderly humans (43) suggest that aging exerts general effect on local regulation of vascular resistance.
In cerebral arteries isolated from hypertensive young mice (Fig. 1A) and rats (49, 51) , the myogenic constriction at high pressures is augmented, suggesting that the pressure range for autoregulatory cerebrovascular protection is extended. This functional adaptation of cerebral arteries to higher systemic blood pressure is believed to protect the cerebral microcirculation (27, 36, 51, 53, 58) . Here we provide evidence that cerebral arteries of aged mice do not exhibit a hypertensioninduced adaptive increase in myogenic tone observed in young mice (Fig. 1A) , extending our recent findings (60) . The functional maladaptation of aged cerebral arteries to hypertension is likely responsible for the loss of autoregulatory protection in the brain observed in vivo, which likely allows high blood pressure to penetrate the distal, injury-prone portion of the cerebral microcirculation, leading to significant disruption of the blood-brain barrier and cerebromicrovascular damage in aged hypertensive mice (60) . Our findings potentially have important clinical significance, since exacerbation of microvascular damage in aged hypertensive mice is likely causally linked to increased neuroinflammation and cognitive decline. In the present study we confirm that in cerebral arteries stepwise increases in intraluminal pressure are associated with proportional increases in vascular SMC (VSMC) [Ca 2ϩ ] i (Fig.  1, B-D) , which have a central role in myogenic constriction of cerebral arteries (34) . In MCAs of young hypertensive mice, augmented myogenic tone was associated with an increased VSMC [Ca 2ϩ ] i (Fig. 1, C and D) , suggesting that upregulation of pressure-induced calcium signaling underlies the functional adaptation of cerebral arteries to high blood pressure. The findings that hypertension in aged mice did not enhance VSMC [Ca 2ϩ ] i suggest that pathways regulating pressure-induced Ca 2ϩ signaling are responsible for functional maladaptation of aged cerebral arteries to hypertension.
Previous studies provide strong evidence that generation of 20-HETE plays an important role in pressure-induced constriction of cerebral arteries (21, 26) . Here we show for the first time that inhibition of 20-HETE production attenuates pressure-induced Ca 2ϩ signals in VSMCs and decreases myogenic constriction of MCAs from young hypertensive animals, whereas it exerts no significant effect on pressure-induced responses of MCAs from aged hypertensive animals (Fig. 2) . These findings support the concept that in young animals activation of a 20-HETE-dependent pathway underlies functional adaptation of cerebral arteries to hypertension and that this adaptive response is dysfunctional in aging. Further evidence in support of this hypothesis are provided by previous studies showing that in young hypertensive rats pressureinduced 20-HETE production in cerebral arteries is significantly increased (15) and by our very recent work that hypertension in young mice (but not in aged mice) is associated with adaptive upregulation of cytochrome P-450 4A -hydroxylases capable to produce 20-HETE (Cyp4A12, 10, 14) (60). Moreover, administration of exogenous 20-HETE significantly increases VSMC [Ca 2ϩ ] i , which augments myogenic constriction of MCAs (Fig. 3) .
The intracellular signaling pathways activated by 20-HETE are multifaceted (22, 44, 50, 68) . Findings of the present study suggest 20-HETE-induced activation of TRP channels mediates 20-HETE-induced increases in VSMC [Ca 2ϩ ] i in mouse MCAs (Fig. 4A) . Importantly, although in cerebral arteries of young mice hypertension upregulates TRP channel-dependent mediation of pressure-induced ϭ increases in VSMC [Ca 2ϩ ] i (Fig. 4B ) and myogenic constriction (Fig. 4C) , this adaptive response is impaired in aged angiotensin II-infused hypertensive mice. Analysis of the VSMC [Ca 2ϩ ] i -myogenic tone relation ( Fig. 2B and Fig. 4C ) confirms that both inhibition of 20-HETE production and TRP channel activation attenuate myogenic constriction in MCAs of young hypertensive mice in a similar manner (primarily by decreasing VSMC [Ca 2ϩ ] i ) and that loss of 20-HETE/TRP channel-dependent component of myogenic tone is responsible for the decreased pressure-induced constriction in MCAs of aged hypertensive mice. At present it is unclear which TRP channel(s) are responsible for the observed phenomena, but several lines of evidence suggest that TRPC6 may play a key role in the functional maladaptation of aged arteries to high blood pressure. First, previous studies demonstrate that predominantly activation of TRPC6 channels mediates 20-HETE-induced increases in intracellular Ca 2ϩ levels in VSMCs (30) and that it contributes to autoregulation and myogenic constriction of young cerebral arteries (66) . TRPC6 channels are activated by membrane stretch (57) , via a 20-HETE (30), G protein, and phospholipase C-dependent pathway (47) . In the present study we used a concentration of SKF96365, which significantly inhibits TRPC6 as demonstrated by electrophysiological studies (30) . Further- to lowest (bright green) expression (n ϭ 6 in each group). ϩTRP channels, which were shown to play a role in arterial myogenic constriction and pressure-induced modulation of SMC [Ca 2ϩ ]i and which can be activated by 20-HETE and inhibited by SKF96365. These classifications are based on data from the literature (17, 30, 40, 57) . Note that MCAs of young hypertensive mice show significant upregulation of TRPC6, whereas this adaptive response is significantly impaired in MCAs of aged hypertensive mice. more, although in cerebral arteries of young mice hypertension upregulates TRPC6 expression, this adaptive response fails to manifest in aged hypertensive mice (Fig. 4D) . It should be noted, however, that vascular expression of other TRP channels also appears to be affected by hypertension (Fig. 4D) . Although TRPC1, whose expression increases in MCAs of young hypertensive mice, contributes to agonist-induced constriction (67), it does not appear to contribute to myogenic constriction (16, 56) . TRPC3 and TRPC7 form heterotrimeric channels with TRPC6; however, the pattern of expression of these channels is inconsistent with their involvement in adaptive increases in myogenic tone in young hypertensive animals.
Previous studies suggest that TRPM4 channels may contribute to myogenic constriction (17, 30, 40, 57) . Therefore, future studies are warranted to elucidate the role of TRPM4 channels in age-related arterial maladaptation to hypertension. TRPV4 channels are thought to counter-regulate myogenic tone (6, 8) . Thus the observed hypertension-induced increases in TRPV4 expression in MCAs of young mice are inconsistent with the involvement of these channels in adaptive increases in myogenic tone.
The age-related mechanism(s) that are responsible for dysregulation of 20-HETE/TRPC-dependent pathways in hypertensive mice are presently unknown and may include an age- Because inhibition of the 20-HETE/TRP channel pathway does not completely abolish myogenic constriction in cerebral arteries of young hypertensive mice, we cannot exclude a potential role for other mechanisms in functional maladaptation to hypertension in aging as well. In addition to activation of TRP channels, regulation of BK Ca channel activity represents another important mechanism modulating the magnitude of pressure-induced myogenic constriction (32, 52) . Importantly, previous studies demonstrate that high pressure is associated with significant activation of BK Ca channels leading to forced dilation of cerebral arteries (autoregulatory breakthrough) (52) . In support of the aforementioned concept, here we demonstrate that pharmacological inhibition of BK Ca channels prevents forced dilation of young MCAs ( Fig. 5A and 6A ) increasing VSMC [Ca 2ϩ ] i (Fig. 6B ). In contrast, in MCAs of young hypertensive mice inhibition of BK Ca channels did not increase further myogenic tone ( Fig. 5B and 6A ) and VSMC [Ca 2ϩ ] i (Fig. 6B ). 20-HETE was shown to inhibit BK Ca channels (22, 39, 50, 70) . Our model predicts that increased 20-HETE production in young hypertensive arteries is associated with a decreased BK Ca activity (enhancing myogenic constriction), which would explain the lack of further iberiotoxininduced increases in myogenic tone and VSMC [Ca 2ϩ ] i in these vessels (Fig. 6B) . The findings that in arteries of aged hypertensive mice inhibition of BK Ca channels did not increase significantly myogenic tone ( Fig. 5B and 6A ) and VSMC [Ca 2ϩ ] i (Fig. 6B) suggest that BK Ca channels do not play a key role in functional maladaptation of aged cerebral arteries to high pressure. Previous studies reported that with advanced age the activity of K V channels may increase in skeletal muscle arteries (32) and that disruption of K V channel function may contribute to the adaptation of young rat cerebral arteries to hypertension (4) . Yet data obtained with inhibitors of K V channels (Fig. 5, C and D) suggest that these channels play a negligible role in modulation of myogenic constriction in mouse MCAs and do not contribute to age-related decreases in myogenic tone in hypertensive mice. There is growing evidence that caveolae formation colocalizes TRPC channels and BK Ca channels with membrane microdomains, which improves efficiency of mechanotransduction in VSMC (1, 55) . Accordingly, decreased expression of the scaffolding protein caveolin-1, which is the main component of the caveolae plasma membranes, was reported to attenuate the myogenic response in murine cerebral arteries (2) . Because expression of caveolin-1 declines with age (20, 33) , the role of caveolae in dysregulation of myogenic adaptation to hypertension in aging should be considered in future studies (28) .
In conclusion, the functional adaptation of cerebral arteries to high pressure in angiotensin II-infused aged mice is impaired due to dysregulation of pressure-induced, 20-HETE, and TRPC channel-mediated changes in VSMC [Ca 2ϩ ] i . Future studies should elucidate the specific age-related mechanism that contributes to the aforementioned alterations in the VSMCs, including the role of age-related changes in membrane microdomains and endocrine factors (61) .
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